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ABSTRACT 

The  integration  of  a bowtie  antenna  with  a double  electron  layer  tunneling  transistor 
(DELTT)  device  for  the  purposes  of  THz  detection  is  investigated  in  this  paper.  The  con- 
cept of  THz  detection,  based  on  photon-assisted  tunneling  (PAT)  between  the  two  electron 
layers  in  a double  quantum  well  (DQW)  heterostructure,  will  be  explained.  The  detector 
is  expected  to  have  narrowband,  electrically  tunable,  fast  response,  and  the  possibility  to 
operate  at  relatively  high  temperatures.  Since  the  active  area  of  the  detector  is  very  small, 
which  is  necessary  to  achieve  fast  response,  it  is  not  efficient  in  collecting  THz  radiation. 
Therefore,  a broadband  bowtie  antenna  is  integrated  with  the  detector  to  efficiently  collect 
the  THz  radiation.  Characteristics  of  different  bowtie  antenna  geometries  at  THz  frequen- 
cies were  studied.  An  equivalent  circuit  model  of  the  THz  detector  was  developed,  for  the 
first  time,  to  estimate  the  impedance  characteristics  at  THz  frequencies.  Such  a model  is 
crucial  for  achieving  impedance  matching  between  the  DELTT  and  the  antenna  to  increase 
the  overall  coupling  efficiency. 

INTRODUCTION 

The  last  frontier  in  high-frequency  electronics  research  lies  in  the  terahertz  regime  (other 
names  are  submillimeter  wave  or  far  infrared,  FIR)  between  microwaves  and  the  infrared 
(i.e.,  0.3-15  THz).  The  technical  advantages  of  the  terahertz  frequency  regime  are  many 
(e.g.,  wider  bandwidth,  improved  spatial  resolution,  compactness);  however,  the  solid-state 
electronics  capability  within  the  THz  frequency  regime  remains  extremely  limited  from  a ba- 
sic signal  source  and  systems  perspective  (i.e.,  output  power  < mwatts).  This  limited  devel- 
opment results  from  the  confluence  of  two  fundamental  factors.  First,  extremely  challenging 
engineering  problems  exist  in  this  region  where  wavelength  is  on  the  order  of  component  size. 
Second,  the  practical  and  scientific  applications  of  this  shorter-wavelength  microwave  region 
have  been  restricted  in  the  past  to  a few  specialized  fields  (e.g.,  molecular  spectroscopy).  On 
the  lower  frequency  side,  electronic  devices  have  an  upper  frequency  limit  of  several  hun- 
dred GHz  due  to  transient  times  and  parasitic  RC  time  constants.  On  the  higher  frequency 
side,  photonics  devices,  such  as  interband  laser  diodes,  can  only  be  operated  at  frequencies 
above  the  material’s  energy  gap,  which  is  greater  than  40  meV  (or  10  THz).  Today,  more 
and  more  important  applications  of  THz  technology  are  rapidly  emerging  that  have  civilian 
and  military  applications.  For  example,  the  strong  absorption  of  electromagnetic  energy 
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by  atmospheric  molecules,  above  300  GHz,  makes  any  communications  link  impossible  to 
achieve.  On  the  other  hand,  this  same  fundamental  interaction  mechanism  suggests  THz 
electronics  to  be  a very  promising  tool  for  the  identification  and  interrogation  of  chemical 
and  biological  (CB)  agents.  Other  important  applications  of  THz  technologies,  ranging  from 
space  exploration  and  atmospheric  studies  to  plasma  and  fusion  research,  appear  in  [l]-[8] . 

In  all  of  these  applications,  one  kind  of  a detector  or  another  is  needed  to  transform  the 
collected  radiation  into  a useful  electrical  signal  that  can  be  related  to  the  frequency  and 
strength  of  that  radiation.  The  THz  detector  discussed  in  this  paper  makes  use  of  photon- 
assisted  tunnelling  (PAT)  between  multiple  quantum  wells  (QWs)  when  the  correct  biasing 
is  established,  and  the  radiation  has  the  correct  frequency.  A general  characteristic  of  all 
detectors  working  at  THz  frequencies  is  the  difficulty  of  coupling  THz  radiation  efficiently  to 
the  active  part  of  the  detector  for  processing,  and  the  prohibitive  material  losses  at  such  high 
frequencies.  The  efficiency  of  the  detector  can  be  enhanced  by  incorporating  an  antenna,  and 
since  the  first  work  at  THz  frequencies,  it  was  realized  that  the  antenna  should  be  integrated 
lithographically  with  the  detector,  and  the  coupling  of  THz  radiation  should  be  done  quasi- 
optically.  The  purpose  of  a feed  antenna  is  to  couple  power  from  a wave  in  free  space  into  a 
device  that  is  much  smaller  than  a wavelength.  Since  the  performance  of  nearly  all  submil- 
limeter and  IR  devices  (diodes,  tunnel  junctions,  etc)  improves  as  their  physical  dimensions 
are  reduced,  feed  antennas  are  a critical  component  of  any  system  that  transmits  or  receives 
high  frequency  radiation.  Since  high  frequency  devices  are  manufactured  lithographically, 
it  is  natural  to  directly  integrate  the  feed  antenna  onto  the  same  dielectric  substrate.  The 
advantages  of  such  lithographic  antenna  (or  quasi-optical)  are  many.  Compared  to  other 
feeding  schemes  such  as  waveguide  coupling,  the  fabrication  is  much  cheaper,  more  accurate, 
more  robust,  and  more  suitable  for  building  large  arrays.  General  reviews  of  lithographic 
antenna  engineering  for  mm-wave  and  THz  frequencies  can  be  found  in  [9]-[15]. 

The  principle  of  operation  of  the  detector  discussed  in  this  paper  is  based  on  photon 
assisted  tunnelling  in  a Double  Electron  Layer  Tunnelling  Transistor  (DELTT).  A general 
overview  of  the  original  structure  of  the  detector  is  shown  in  Fig.  1.  It  consists  of  a bowtie 
antenna  integrated  with  a DQW  PAT  THz  detector.  Since  the  detector  area  is  very  small, 
which  is  necessary  for  fast  response,  it  cannot  collect  much  of  the  THz  radiation,  and  there- 
fore, the  detection  of  such  radiation  is  very  difficult.  The  bowtie  antenna  is  used  to  efficiently 
collect  the  THz  radiation  and  feed  it  to  the  detector  for  processing.  Bowtie  antenna  is  used 
because  of  its  broadband  response,  easy  design  and  fabrication,  and  its  compatibility  with 
the  detector  fabrication  process.  In  the  following  sections,  the  principle  of  operation  of  the 
detector  and  its  fabrication  are  be  briefly  discussed.  Then,  simulation  results  of  the  bowtie 
antenna  at  THz  frequencies  are  discussed.  Finally,  a simple  and  accurate  equivalent  circuit 
model  of  the  THz  detector  is  developed  and  discussed. 

PRINCIPLE  OF  OPERATION 

The  basic  idea  is  to  bias  the  DELTT  transistor  so  that  it  is  off,  i.e.  tunnelling  cannot 
occur  because  the  dispersion  curves  of  the  two  QWs  do  not  coincide  (the  structure  of  the 
DELTT  transistor  is  similar  to  that  shown  in  Fig.  1,  but  without  the  bowtie  antenna).  An 
infrared  photon  of  the  correct  energy  can  then  be  used  to  complete  the  energy-conservation 
conditions,  adding  energy  to  electrons  in  the  higher  density  QW  so  that  they  can  resonantly 
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Figure  1:  An  overview  of  the  DQW  THz  detector  integrated  with  a bowtie  antenna.  The 
top  and  bottom  bows  are  connected  to  the  top  and  bottom  control  gates,  respectively.  The 
control  gates  are  used  to  change  the  density  of  electrons  in  each  QW,  and  therefore  provide 
the  electrical  tunable  characteristic  through  a DC  bias.  The  depletion  gates  are  used  to 
deplete  the  QW  the  one  does  not  wish  to  contact.  The  top  QW  contact  is  called  the  source, 
and  the  bottom  QW  contact  is  called  the  drain.  The  structure  without  the  bowtie  antenna 
is  called  DELTT. 

tunnel  into  the  lower  density  QW.  Conceptually,  the  device  behaves  analogously  to  a p-n 
junction  photodiode:  in  order  for  electrons  to  move  from  the  high  potential  region  to  the  low 
potential  region,  they  must  first  overcome  an  energy  barrier.  In  the  p-n  junction  photodiode, 
this  is  accomplished  by  exciting  an  electron  from  the  valence  band  to  the  conduction  band,  i.e. 
creating  an  electron-hole  pair.  In  the  DELTT  THz  detector,  however,  this  is  accomplished 
by  exciting  an  electron  at  a given  transverse  momentum  in  one  QW,  to  a higher  energy  state 
at  the  same  k in  the  other  QW,  as  shown  in  Fig.  2.  In  the  absence  of  photons,  resonant 
tunnelling  can  only  occur  when  there  exist  states  in  both  QWs  with  identical  energy  and  in- 
plane momentum.  Because  both  layers  are  2D,  their  allowed  states  each  form  a paraboloid 
having  states  only  on  the  surface.  Without  THz  radiation,  no  pairs  of  states  of  identical 
momentum  and  energy  exist,  and  so  tunnelling  does  not  occur.  A THz  photon  of  the  correct 
energy,  however,  will  complete  the  energy-conservation  conditions  by  exciting  an  electron  at 
a given  in-plane  momentum  k in  one  QW,  to  a higher  energy  state  at  the  same  k in  the 
other  QW.  This  photon-assisted  tunnelling  transition  causes  current  to  flow  between  source 
and  drain.  What  is  unique  and  exciting  about  the  DQW  photodetector  is  that  (1)  neglecting 
higher  subbands,  only  a single  energy  will  complete  the  energy  conservation  conditions  for 
all  the  electrons,  irrespective  of  their  in-plane  momentum  values  k,  and  this  results  in  a very 
narrowband  response.  In  addition,  (2)  the  energy  of  the  transition  can  be  readily  controlled 
by  a gate  voltage  and/or  source  drain  bias  Vsd,  which  makes  it  possible  to  obtain  a tunable 
THz  detector.  A more  detailed  discussion  about  the  device  operation  and  fabrication  can  be 
found  in  [16]-[21], 
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Figure  2:  Sketch  of  the  dispersion  curve  of  a double  quantum  well  FIR  detector  structure. 

By  applying  DC  bias  to  the  top  or  bottom  control  gate,  the  electron  density  in  either 
QW  will  change  accordingly,  and  the  peak  of  the  tunneling  current  will  change  in  position 
and  magnitude.  Therefore,  the  control  gates  can  be  used  to  create  an  electrically  tunable 
THz  detector  over  a broadband  of  THz  frequencies. 

The  DQW  structure  is  an  MBE-grown  modulation  doped  heterostructure  using  the 
AUGai-xAs  material  system.  Then,  the  EBASE  technique  [21]  is  used  to  finish  the  fab- 
ricate of  the  DQW  structure  by  adding  front  and  back  gates.  Here,  we  briefly  discuss  the 
basic  steps  involved  in  the  device  fabrication  as  shown  in  Figure  3,  and  a more  detailed 
discussion  about  the  fabrication  process  is  found  in  [21],  The  first  step  is  to  grow  the  dou- 
ble quantum  well  epitaxial  structure  on  a sacrificial  substrate.  Then,  the  front  side  of  the 
structure  is  processed  by  making  the  ohmic  contacts  and  patterning  the  top  gates  using 
conventional  methods,  as  shown  in  Figure  3(a).  After  processing  the  front  side,  the  sample 
is  epoxied  to  a host  substrate  as  shown  in  Figure  3(b).  Then,  the  original  sacrificial  sub- 
strate on  which  the  active  layers  were  grown  is  removed  by  etching  as  shown  in  Figure  3(c). 
Etching  stops  on  a Alo.72Gao.28As  stop  etch  layer  grown  at  the  base  of  the  epitaxial  layer 
structure.  Finally,  the  back  surface  is  processed  by  patterning  the  back  gates  and  etching 
via  holes  through  the  active  layers  to  the  front  side  electrical  contact  pads  for  the  gates  and 
ohmic  contacts  as  shown  in  Figure  3(d). 

The  different  dielectric  and  metallic  layers  that  are  used  to  construct  the  detector  are 
shown  in  Fig.  4.  The  active  area  of  the  detector  is  about  10/imxl2/im,  which  is  only  a small 
fraction  of  the  whole  detector  area  (including  the  antenna).  The  most  important  layers  in 
Fig.  4 are  the  active  layer  which  contains  the  QWs,  the  epoxy  layer,  and  the  GaAs  substrate. 
The  leaves  of  a bowtie  antenna  are  connected  to  the  top  and  bottom  control  gates,  as  shown 
in  Fig.  1.  A photo  of  a THz  DQW  detector  with  bowtie  antenna  fabricated  at  Sandia  Na- 
tional Laboratory  is  shown  in  Fig.  5. 
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Figure  3:  Main  steps  in  the  device  fabrication  using  the  EBASE  technique  (a)  pattern 
frontside,  (b)  epoxy  frontside  down  to  host  substrate,  (b)  remove  original  substrate  by  etch- 
ing to  stop-etch  layer,  and  (d)  pattern  backside,  including  backgates  and  vias  to  frontside 
electrical  contact  pads. 


Figure  4:  Cross  sectional  view  of  the  DQW  THz  detector  showing  the  different  dielectric  and 
metallic  layers  used  in  the  device  after  fabrication.  The  GaAs  substrate  thickness  is  about 
500  /um,  epoxy  layer  of  about  2 (jm,  and  the  epitaxial  layer  of  about  1 //m.  The  insulator 
thickness  is  about  200  A°. 
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Figure  5:  (a)  An  SEM  photo  of  a bowtic  antenna  fabricated  with  the  DQW  PAT  THz 
detector.  The  photo  corresponds  to  the  design  shown  schematically  in  Fig.  1,  and  (b) 
Zoomed-in  view'  of  (a),  showing  the  active  DQW  mesa.  The  bottom  gates,  although  beneath 
the  semiconductor  epitaxial  layers,  remain  visible  since  the  electron  beam  easily  penetrates 
them. 

BOWTIE  ANTENNA  SIMULATION 

When  the  bowtie  antenna  shown  in  Fig.  5,  which  has  a bow  angle  of  120°,  is  simulated, 
the  results  showed  that  the  antenna  does  not  have  a broadband  characteristic  around  the 
frequency  of  interest  ( 2.54  THz).  A new  bowtie  antenna  layout  is  proposed  as  shown  in 
Fig.  6(a).  This  antenna  has  a bow  angle  of  90°  which  gives  a self  complementary  design, 
and  therefore  has  a theoretical  constant  real  input  impedance  equals  to  607r  Q when  the 
antenna  is  suspended  in  free  space  [15].  The  purpose  of  this  antenna  is  to  serve  as  a broad- 
band antenna  for  coupling  the  THz  radiation  to  the  DQW  detector.  The  antenna  structure 
is  simulated  on  top  of  a 500  n m GaAs  substrate  using  the  IE3D  simulator  [22],  The  total 
length  of  the  antenna  is  80  /rm.  The  antenna  length  is  chosen  to  be  approximately  two 
wavelengths  long  at  2.54  THz  when  the  antenna  is  placed  on  top  of  a GaAs  substrate  of 
er  =13.1.  The  free  space  wavelength  at  2.54  THz  is  approximately  120  /rm,  and  assuming 
an  effective  dielectric  constant  of  9,  then  the  wavelength  of  the  combined  free  space  and 
substrate  structure  is  about  40  (j m.  The  simulated  values  of  the  input  impedance  is  shown 
in  Fig.  6(b).  The  value  of  the  real  part  is  about  75  f2,  and  the  magnitude  of  the  imaginary 
part  less  than  20  Q.  The  theoretical  value  the  input  impedance  of  a self  complementary 
antenna  on  a GaAs  substrate  is  real  and  equals  approximately  to  74  Q,  which  is  very  close 
from  the  value  obtained  from  the  simulation  results. 

CIRCUIT  MODEL 

In  order  to  achieve  maximum  coupling  between  the  device  and  the  incoming  beam,  the 
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Figure  6:  (a)  Layout  of  the  90°  bowtie  antenna,  (b)  Input  impedance  vs.  frequency.  Solid 
line:  real  part,  line  with  dots:  imaginary  part. 

device  impedance  should  be  equal  to  the  complex  conjugate  of  the  antenna  impedance.  For 
this  purpose,  a method  to  estimate  the  frequency  dependent  impedance  of  the  DELTT  is 
required.  This  can  be  achieved  by  developing  an  equivalent  circuit  model  of  the  device  which 
incorporates  all  the  important  physical  processes  and  geometrical  dimensions  that  affect  the 
device  operation. 

A lumped  circuit  model  for  the  DELTT,  valid  at  DC,  is  presented  in  [23].  Another 
equivalent  circuit  model  for  a single  two-dimensional  electron  gas  (2DEG)  which  is  capac- 
itively  contacted  to  metallic  gates  was  presented  in  [24],  based  on  the  concept  of  kinetic 
inductance.  The  circuit  model  consists  of  either  lumped  elements  or  distributed  elements 
(i.e.  transmission  line),  depending  on  the  structure  dimensions.  The  validity  of  the  model  at 
microwave  frequencies  was  also  experimentally  verified  in  [24].  In  [25],  an  equivalent  model 
for  a DQW  was  developed  using  transmission  line  theory.  However,  the  model  did  not  take 
into  consideration  the  presence  of  a gate  on  top  or  below  (or  both)  of  the  DQW  structure. 
The  subject  of  this  paper  is  to  develop  a general  equivalent  circuit  model  for  the  DELTT 
structure,  which  has  both  top  and  bottom  gates.  This  work  represents  an  extension  to  the 
work  found  in  [24]  and  [25]  to  include  the  effect  of  the  top  and  bottom  gates. 

The  Drude  model  for  the  frequency  dependent  resistivity  of  a single  2DEG  layer  is  [24]: 

TTl* 

p(w)  =2  (1  + jwrmom)  (1) 

Tmom 

where  n is  the  electron  density,  e the  electron  charge,  m*  the  effective  mass,  and  Tmom  the 
momentum  scattering  time.  Equation  1 is  the  sum  of  a real  part,  which  is  the  resistance,  and 
a positive,  frequency  dependent,  imaginary  part,  which  can  be  considered  as  an  inductive 
reactance.  This  inductance  is  known  as  the  kinetic  inductance,  because  the  inductive  energy 
is  stored  in  the  kinetic  energy  of  the  electrons.  At  low  frequencies,  the  imaginary  part  of  p 
is  very  small  and  usually  neglected  when  developing  circuit  models  for  the  2DEG.  At  THz 
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frequencies,  however,  the  imaginary  part  becomes  dominant,  and  it  is  necessary  to  include 
in  any  circuit  model.  It  should  be  mentioned  that  the  momentum  scattering  time  rmom  in 
modulation  doped  MBE-grown,  high  mobility  GaAs/AlGaAs  structures  at  low  temperatures 
(<  4K)  is  3-4  orders  of  magnitude  larger  than  in  conventional,  bulk  doped  semiconductors 
at  room  temperature. 

To  ease  the  calculation  of  the  equivalent  circuit  model  for  the  DELTT,  its  cross  section 
is  divided  into  three  different  regions,  as  shown  in  Figure  7.  These  regions  are: 

• Region  1:  this  region  consists  of  a section  of  either  the  top  or  the  bottom  QW,  and 
extends  from  the  source  (or  drain)  contact  to  the  end  of  the  bottom  (or  top)  depletion 
gate.  In  this  region,  there  is  no  tunneling.  The  equivalent  circuit  for  this  region  is 
composed  basically  of  a resistance  in  series  with  inductance.  The  length  of  this  regions 
is  L\. 

• Region  2:  this  region  consists  of  the  section  of  the  DELTT  between  the  control  gates 
and  the  depletions  gates  where  there  is  overlap  between  the  top  and  the  bottom  QWs, 
and  in  this  region  tunneling  can  occur.  The  equivalent  circuit  for  this  region  is  a 
transmission  line  of  length  L2.  An  incremental  length  of  this  region  consists  of  a 
resistance  R in  series  with  an  inductance  L,  to  model  each  QW,  and  a shunt  capacitance 
C and  conductance  G to  model  the  capacitance  and  the  tunneling  conductance  between 
the  top  and  bottom  QWs.  The  values  of  the  elements  in  this  region  are  per  unit  length. 

• Region  3:  this  region  consists  of  the  section  of  the  DELTT  where  there  is  overlap 
between  the  top  and  bottom  QWs,  and  covered  by  the  top  and  bottom  control  gates, 
and  in  this  region  tunneling  can  occur.  The  equivalent  circuit  for  this  region  is  also 
a transmission  line  of  length  Lg.  An  incremental  length  of  this  region  has  a similar 
circuit  as  that  of  region  2,  but  with  an  extra  top  and  bottom  capacitors,  Ct  and  Cj,  to 
model  the  contact  capacitances  between  the  top  control  gate  and  top  QW,  and  between 
the  bottom  control  gate  and  bottom  QW,  respectively.  The  values  of  the  elements  in 
this  region  are  per  unit  length. 

It  should  be  mentioned  that  the  DELTT  structure  studied  here  is  symmetrical,  i.e.  electron 
densities  in  both  QWs  are  the  same.  The  overall  equivalent  circuit  model  for  the  DELTT 
transistor,  with  an  antenna  connected  between  the  top  and  bottom  control  gates,  is  shown 
in  Figure  8.  In  terms  of  mobility  /r,  surface  density  n,  the  width  w,  dielectric  permittivity  e 
of  the  material  between  the  QWs,  and  distance  between  the  two  QWs  dqm,  the  values  of  Ft, 
L,  and  C in  Figure  8 are  given  by: 


1 

(2) 

R = 

eri/iu) 

m" 

(3) 

L=  2 

eznw 

C = exdqw 
w 

(4) 

The  small  signal  tunneling  conductance  G can  be  obtained  from  the  I-V  curve  of  the  DELTT 
by  taking  the  derivative  of  the  current  with  respect  to  the  applied  bias.  The  element  values, 
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Figure  7:  Cross  section  of  the  DELTT  showing  the  three  regions  used  in  the  calculation  of 
the  equivalent  circuit. 


1 Top  gate  2 


Figure  8:  Equivalent  circuit  model  of  the  DELTT  with  an  antenna  connected  between  the 
top  and  bottom  control  gates.  The  antenna  is  modelled  as  a current  source  in  parallel  with 
the  antenna  impedance. 


Rs,  Ls,  Rd,  and  Lrf,  shown  in  Figure  8 can  be  calculated  from  equations  2 and  3 by  multiplying 
the  result  from  each  equation  by  the  length  L\ . The  remaining  elements,  Ct  and  Cb,  represent 
the  geometrical  capacitance  between  the  top  gate  and  the  top  QW  and  that  between  the 
bottom  gate  and  bottom  QW,  respectively,  and  can  be  calculated  as  follows: 

Q = exdt  (5) 

w 

Cb  = exdb  (6) 

w 

where  dt  and  db  are  the  distances  between  the  top  gate  and  the  top  QW,  and  the  bottom  gate 
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and  bottom  QW,  respectively,  and  t is  the  dielectric  permittivity  of  the  material  between 
each  gate  and  the  corresponding  QW. 

We  can  analyze  the  structure  shown  in  Fig.  8 by  assigning  position  dependent  volt- 
age and  current  for  each  transmission  line,  and  then  solve  the  resulting  coupled  differential 
equations.  The  result  will  be  the  position  dependent  voltage  and  current  for  each  line.  The 
input  impedance  between  any  two  points  in  Fig.  8 can  be  found  by  applying  the  appropriate 
boundary  conditions  and  solving  for  the  unknown  coefficients,  and  then  divide  the  appropri- 
ate voltage  and  current.  The  details  of  the  analysis  can  be  found  in  [26].  In  the  following 
subsections,  the  input  impedance  of  the  DELTT  between  the  source  (S)  and  the  Drain  (D), 
and  between  the  top  and  bottom  control  will  calculated  using  the  equivalent  circuit  shown 
in  Fig.  8.  These  are  the  two  possible  locations  were  an  antenna  can  be  connected  to  the 
DELTT  device.  Sample  parameters  values  for  a DELTT  device  (Sample  G1717)  will  be  used 
in  the  calculations,  and  these  parameters  are  shown  Table  1. 

Table  1:  Sample  parameters  for  the  DELTT  sample  G1717.  The  listed  parameters  are  QW 
widths  (wgw),  tunnel  barrier  thickness  (dqw),  electron  densities  for  the  top  and  bottom  QWs 
( nt  and  nb  measured  in  10n cm~2),  distance  from  top  control  gate  to  top  QW  ( dt ) and 
distance  from  bottom  control  gate  to  bottom  QW  (db),  device  channel  width  (wc/lan),  length 
of  the  control  gates  ( Lcg ),  length  of  the  depletion  gates  (Ldg),  and  the  separation  between 
the  control  gates  and  depletion  gates  ( Lcg-dg ). 
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Calculating  Zsn 

To  calculate  the  input  impedance  between  the  source  and  the  drain,  ZSn,  the  equations 
of  the  voltages  and  currents  in  the  three  regions  are  solved  for  the  unknown  coefficients 
using  the  boundary  conditions  of  a voltage  source  at  point  S,  and  a ground  at  the  drain,  D. 
After  finding  the  unknown  coefficients,  the  input  current  at  the  source  is  found,  and  then 
the  voltage  is  divided  by  the  current  at  the  source  to  obtain  ZSD.  Element  values  like  R,  L, 
C,  Ct,  Cj,  Rs,  Rd,  Ls,  and  Ld  are  calculated  from  the  parameters  in  Table  1 using  equations 
2-6.  Applying  the  above  procedure,  we  calculated  Zsn  as  a function  of  frequency  and  the 
result  is  shown  in  Fig.  9(b).  The  imaginary  part  of  Zsd  increases  slowly  with  frequency 
because  of  the  source  and  drain  conductances  ( Ls  and  Ld).  The  results  show  that  the  high 
frequency  limit  is  basically  that  of  an  inductor.  Each  extra  peak  with  increasing  frequency 
corresponds  to  fitting  one  more  wavelength  into  the  combined  length  of  regions  2 and  3. 


Calculating  Zl3 

The  impedance  Zl3  represents  the  impedance  of  the  DELTT  between  the  top  and  the 
bottom  control  gates  where  an  antenna  can  be  connected.  This  impedance  can  be  calculated 
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Figure  9:  (a)  Simulation  results  of  Z$D  for  the  G1717  sample,  (b)  Simulation  (solid  line) 
and  predicted  (dashed  line)  results  of  Zi:t  for  the  G1717  sample  at  different  values  of  db. 


by  applying  a voltage  source  at  point  1,  grounding  points  3,  S,  and  D in  Figure  8,  solving 
the  equations  of  the  voltages  and  currents  in  the  three  regions  for  the  unknown  coefficients, 
and  then  dividing  the  voltage  by  the  current  at  point  1.  Simulation  results  for  the  G1717 
sample  are  shown  in  Fig.  9(b)  for  different  values  of  db.  The  input  impedance  Z\%  has  a very 
small  real  part  (negligible  and  not  shown  in  the  figure),  and  a negative  imaginary  part  that 
resembles  the  reactance  of  a capacitor.  We  propose  that  Z13  is  simply  the  series  combination 
of  Y,.  Y,  and  Yb,  and  therefore  Z 13  is  given  by: 

Zl3  = Lcg  (,Y  + Yt  + Yb)  (7) 

where  Y = G + jojC,  Yt  = juCt,  Yb  = jujCb,  and  Lcg  is  the  length  of  the  control  gate(s).  We 
calculated  Z\ 3 using  equation  7 and  the  results  are  shown  in  Fig.  9(b)  for  different  values 
of  db.  The  simulation  results  and  the  theoretical  results  shown  in  Fig.  9(b)  agree  very  well, 
which  suggests  that  equation  7 is  accurate  enough  to  predict  Z13  of  the  DELTT  structure. 

CONCLUSIONS 

The  potential  of  THz  detection  based  on  the  idea  of  photon-assisted  tunneling  in  double 
quantum  well  devices  was  introduced.  The  basic  principle  of  operation  of  the  detector  was 
discussed,  and  the  detector  fabrication  using  state-of-the-art  techniques  were  also  presented 
in  this  paper.  The  necessity  of  integrating  a broadband  antenna  with  the  device  was  also 
established.  Simulation  results  show  that  it  is  possible  to  achieve  broadband  antenna  using 
self  complementary  design.  This  paper  also  presented  for  the  first  time  a general  equivalent 
circuit  model  for  the  DELTT  device.  Measurements  at  very  high  frequencies  can  be  very 
difficult  to  obtain  since  it  is  extremely  difficult  to  obtain  accurate  measurements  of  impedance 
at  such  high  frequencies.  However,  the  presented  circuit  model,  based  on  the  most  important 
physical  interactions  that  affect  the  device  operation,  can  be  utilized  at  THz  frequencies, 
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assuming  that  the  device  parameters  (like  density  and  mobility)  at  these  high  frequencies 
can  be  determined  accurately.  Moreover,  the  simulations  results  of  sample  devices  revealed 
that  it  is  extremely  difficult  to  match  the  DELTT  impedance  to  the  broadband  band  bowtie 
antenna  impedance. 
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